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By PaulA. HunterandHaroldI.Johnson

SLIMMARY

A flightinvestigationhasbee~made.oftheyracticalproblems
associatedwiththeuseofporous-leading-edgesuetion. Thewing
leadingedgeofthetestairplanewasporousoverapproximately83 per-
centofthespansndthefirst8 percentofthecholdontheupper
surface.VWiousotherextentsofsuctionareawithintheselimitswere
alsotested.

Resultsofthisinvestigationhaveindicatedthata wingequipped
withporous-leading-edgesuctioncanle constructedwhichhassufficient
strengthanddurabilityforusein flightwithoutaddingexcessiveweight.
Forthetypeofporousmaterialusedinthisinvestigation,cloggingdue
to atmosphericdustdidnotappearto%e a problem.Forthelightrain
encounteredinflight,thePOWEYrequiredto producea givenflowcoef-
ficientwasabout50 percent.nmrethanthatrequiredforthedrycondi-
tion. Basedonthegrounddata,itwasestimatedthatforflightin
heavyrainthepowerwouldbe approximatelytwicethatforthedrycondi-
tion. Atmaximum%lowerspeedtheporousareabecsmeclesredwithin
3 to 4 minutesafterwaterceasedto impingeonthesurface.Under
certainconditions,testsshoweda severevibratjonoftheporousmate-
rialinducedby an “organpipe”resonanceoftheaircolumuwithinthe
ducts. As expectedfromwl.nd-tunnelresultsobtainedprevioustothis
investigation,theuseof leading-edgesuctionwiththesmallamoumtof
poweravailablehadlittleeffectonthemaximumliftcoefficientdevel-
opedwiththeairfoilsectionusedinthiswing(MICA2412).Ingeneral,
an appreciabledropoccurredinmaximumliftcoefficientfromtheleading-
edge-sealedconfi~ationto theconditionof zerosuctionwiththeporous-
areaconfigurationstested.Incrementsin liftcoefficientduetothe
suctionavailablegenerallybroughtthemaximumliftcoefficientback
approximatelyto thevalueforthewingwiththeleadingedgesealed.
Themaximumtheoreticalaerodynamicpower,ifductlossesareexcluded,
variedwiththeconfigurationstestedfrom3.65 to 9.70 horsepower.
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2 NACATN 3062

INTliODUCTION

Theuseofporoussurfacesforboundary-layercontrolhasfora
periodofapproximately30 yearsbeenthesubjectofmanytheoretical
andexperimentalstudiesinvolvingareasuction.Previousflightstudies
of sreasuctionhavebeenlimitedmostlytomodelssndpartial-spantest
sections(forexample,refs.1 and2),althoughan incompleteinvestiga-
tionofsreasuctionappliedtonearlyalltheresrwardportionsofthe
uppersurfaceofthewtngsofan airphe wasqadeinEnglandnearthe
beginningofWorldWarII (ref.3). In thepresentinvestigation,porous-
leading-edgesreasuctioncoveringthefirst8 percentchordontheupper
surfacewasappliedto essentiallytheentirewingspanoftheairplane
tested.

Theuseofareasuctioninvolvesseveralpracticalproblemswhich
arenotreadilysolvablebywind-tunnelstudies.Oneofthegeneral
problemsisthecloggingoftheporesofthemoredensematerialsby atmw-
phericdustandby rain. Constructionofa structurallyefficientwing
withporoussurfacesisanotherpracticalproblemwhich,thoughimportant,
doesnotappeartobe extremelydifficult,particularlyinthedesignof
a newwingwheretheductingcanhe madepartof theload-carrying
structure.

TheNationalAdvisoryCcmmitteeforAeronauticshasconducteda
flight-testpro-to investigatevariouspracticalproblemsassociated
withtheuseofporousmaterialsforboundary-layercontrol.Becausethe
airplaneavailableforthetestshada rounded-leading-edgetypeofair-
foil(NACA2412)characterizedby a trailing-edgestall,verylittle
benefitinmsximumliftcouldbe expectedfromtheapplicationof lead.ing-
edgesuction.Thisexpectationwasverifiedby two-dimensionalwind-
tunneltestsmadepriorto theflightinvestigation.

SYMBOLS

b s-pan,ft

c localchord,ft

CL airplaneliftcoefficient,-lL(ncosa+Zsj.na)
~cSA

‘
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CQ

Ho

%

H1

2

n

P

PO

pd

PI

AP

Q

q

qc

%

ql

s

SA

s;

‘P

d

suctionflowcoefficient(aconstantvalueof S~ correspondtig
to 89.2percentoftotalwingareawasusedincomputingflow

coefficients),-Q
vs~

free-streamtotalpressure,% +Po, lb/sqft

ducttotalpressure,p~ + qd,lb/sqft

ducttotalpressureat outboardmeasuringstation,lb/sqft
(assumedH1 = PI; ql = O)

longitudinalacceleration,~sitiveforward,g units

normalacceleration,positiveupward,g units

staticpressureatwingsurface,lb/sqft

free-streamstaticpressure,lb/sqft

ductstaticpressureat inboardmeasuringstation,lb/sqft

ductstaticpressureatoutboardmeasuringstation,lb/sqft

pressuredifferenceacrossporousmaterial,lb/sqft

totalvolumeflowrate,cu ft/sec

impactpressureatwingsurface,lb/sqft

calibratedimpactpressure,lb/sqft

ductimpactpressureatinboardmeasuringstation,lb/sqf%

ductimpactpressureatoutboardmeasuringstation,lb/sqft

pressurecoefficient,HO-P q=—
qc %

wingarea,sqft

wingareaaffectedby suction(sreabetweenspanwisestationsat
outerextentsofporousarea)

areaofporous~terialmeasuredalongsurface,sqft

.
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4 mc~TN3062

v trueairspeed,ft/sec

v apparentvelocitythroughporousmaterial,~, ft/sec
%

w airplaneweight,lb

x chordwisedistance,ft

Y spanwisedistance,ft

z distancenormalto sirfoilchord,ft

a calibratedangleof attackreferredto thrustsxis,deg

APPARATUS

Airplane

FlighttestswereconductedontheCessna190airplane(seetableI
fordimensionaldsta)showninthephotographs”presentedasfiguresl(a)
andl(b)andinthethree-viewdrawinginfigurel(c).Therelativesize
andlocationofthelower-surfacesplit-typeflapareshowninfigure1(c).
Figurel(d)showsa comparisonoftheactualwingprofileat a representa-
tivespanwisestationwiththeNACA2412profileandalsosomedetailsof
theporous-leading-edgeconstructiontobe describedsubsequently.The
actualwingprofilediffersfromtheNACA2412profileinthatithasa
slightlylargerleading-edgeradius,haslesscamberinthefirst10per-
centofthechord,andhas& slightamountofnegativecamberinthe
first2 percentof thechord.Thesevariationsresultedfrommanufac-
turingandmodification-shoptolerances.

-Boundsry-Layer-ControlEquipment

Theporoussurfaceconsistedof a sandwichcontaininganoutersur-
faceofwovenMmel filtercloth,a 16-meshcopperwindow-screensepa-
rator,anda backingof0.016-inch-thickperforatedbrasssheet.The
filterclothwaswoveninDutchweavewith30wiresby 250wiresperinch
to a thicknessof0.028inch,rolledto0.020inch,andfurtherhamnered
to 0.018inchto reducetheporosityandimprovethesurfacesmoothness.
ThefilterclothwasobtainedfromtheMichigsnWireClothCompany.The
perforatedbrass,whichwasusedto stiffenthefiltercloth,had714
openingsof0.020-inchdiameterpersquareinchspaced0.041inchapart. . .
Thesandwichwasformedto theleading-edgecurvatureon steeljigsand
thethreelayerscementedtogetherwitha plasticadhesiveattheedges
only. u
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Wind-tunneldataindicatedthatmostoftheadv~tageofPorous-
leading-edgesuctionontheNACA24I2airfoilcouldbe obtainedwitha
valueof CQ of 0.002whichcorrespondsto an inflowvelocityof3.6fps
at anairspeedof 63mph. Thedesignporositywassuchthata pressure
differenceof72.8lb/sqf%wouldproducea velocityof3.6fpsthrough
theporousmaterial.Thearithmeticmeanof 20 readingsofporosityof
onlythefilterclothshoweda velocity3 percentabovedesignvelocity
atdesi~pressuredifference(moreporous).Thecopperscreenand
perforatedbrassdclnotappearto addappreciableresistance.

Figure2(a)showsthegeneralarrangementof equipmentandducting
intheairplane.Theleadingedgeofthewingwasporousover83.4per-
centofthespanandthefirst8 percentofthechordontheuppersurface
as showninfigurel(b).Theleading-edgeductwasformedbytheincorpo-
rationofa falsespar,ductbottom,andporousmaterialsupportsas
showninfigure2(b). Theporouscoveringwasattachedattheedgesin
sectionswithmachinescrews;theedgeswerefairedwithmodelingclay
andshellacked,as showninfigure2(c).,A portionof thewindowover
thepilot’sheadwasreplacedby a pancoveredwithporousmaterial,SE
shownin figurel(b),inorderto continuetheareasuctionoverthe
centersection.Theundersideofthepanandpartoftheductingare
shownin figure2(d).Theflowwasremovedfromeachwing-leading-edge
ductatthewingrootby theductshownin figure2(e)whichincorporated
turningvanesinthe90°bend;theflowwasthenfurtherductedtothe
bloweras shownin figure2(f). Thesmallductshowninfigure2(f)is
thecontinuationoftheductfromthecentersectionshowninfigure2(d).
Fromtheblowerexit,theflowwassplitandwasexpelledfromtheexit
holesonthesideofthefuselageas showninfiguresl(a)and2(a).Two
butterfly-typeshutterswereinstalledintheexitductsbehindthe
blower.

Theblowershownin figure2(f)isthecompressorstageof a large
aircraft-engineturbosuperchargerwhich,thoughnotideallysuitedto
thisapplication,wasusedbecauseitwasreadilyavailable.Theblower
wasdrivenby a smallautomotiveenginerated25 horsepowerat 4,400rpm
anda right-anglegearboxin sucha mannerthattheblowerspeedwas
threetimesthatoftheengine.Theengine-blowerinstallationis shown
in figure2(g). Engineandexit-ductshuttercontrolsweremountedon
thetopoftheenginecoveras canbe seeninthisfigure.Thelouvers
inthetopofthefuselagejustbehindthewing,showninfigurel(c),
wereinstalledto removeenginefumesfromthecabin.

Duringtheinvestigation,largedeflectionsoftheporoussurface
occurredwhensuctionwasappliedin configurationswherelargeportions
oftheporousareaweresealed..!I’hisconditimrequiredadditional
stiffenerstoreducetheunsupportedlengthof theporousmaterialfrom
theapproximately30-inchspanwiseincrementsshownin figure2(b)to

-—.. .—_ .._—— - — .- ——_—-



6 NACATN3062

about10inches.Theseadditionalsupportsweremadeofthinduralumin
placededgewiseto theporousmaterialwiththeedgeshsrpenedto reduce H
interferenceofthesupportto theflow.Thesupportswere1 inchwide
normaltothewingsurfaceandhadtheloweredgeflangedto stiffenthe
supportandto assisttheflowtoturninboardafterpassingthrough
theporousmaterial.Photographsofthenormalleadingedgeandleading
edgebuckledby suctionareshowninfigure3.

Instrumentation

StandardNACAinstrumentationwasprovidedto recordcontinuously
airspeed,threecomponentsofacceleration,rollingandpitchingveloci-
ties,sideslipangle,angleof attack,controlpositions,controlforces,
temperatures,angleofbankorpitch,airplaneheading,andpressures.
Theairspeedusedinthispaperis calibratedairspeedasobtainedby
measuringpressuresfroma total-pressuretubeanda swivelstatic-pressure
tubermauntedona boom1:chordsaheadoftheleadingedgeoftherightwing

(fig.1)sndby correctingthosepressuresforpositionerroras deter-
minedfroma trailingbomb. Theangleofattackandangleof sideslip
wereobtainedby useoffree-floatingvanesmountedon a boom12chords

4
aheadoftheleadingedgeoftheleftwing(fig.l(a)).Theanglesread
fromtheangle-of-attackvanewerecorrectedforrollingandpitching
velocitiesanderrorduetotheinducedflowfieldaheadoftheairplane.

Staticpressuresweremeasuredatthreespanwisepositionsalongthe
rearwardwall,atonepositionontheoutboardendwallof oneleading-
edgeduct,sndatonepositionintheblowerexitduct.Theorificeon
theoutboardendwallisreferredto subsequentlyastheoutboardmeas-
uringstation.Flowquantitiesweremeasuredin eachofthethreelongi-
tudinalductsby usingtotalpressureandtheaverageof fourstatic
pressuresin eachofthelargeductsandby usingstaticpressureatthe
entryandthroatofa venturiinthecenter-sectionduct.Temperatures
oftheflowinoneofthelargeductsandinthecenter-sectionductwere
alsorecorded.A surveyoftotalpressurewasmadeacrosseachmainduct
priortotheflightteststo determinethevelocitydistributioninthese
ducts. A dischargecoefficient,estimatedat0.974,wasusedindeter-
miningthevelocitythroughtheventuriinthecenter-sectionduct.

Tuftpicturesoftheflowoverthewingweremadewitha rearward-
facing35-millimetermotion-picturecamerawhichwasnmuntedaboveand
behindthewingonthestructureshowninfigures1(%)and2(c)andwhich
photographeda sphericalmirrorthatreflectedan ima5 oftheentire
wing.

I/

—
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TESTS

Flighttestsweremadeto determinethepowerreqtiements,theeffect
of vexyingsuctionflow,andtheeffectofvaryingtheextentofporous
areaontheliftcoefficientandangleof attackatthesta~ inthe
courseof accrmndatingflighttimeontheporoussurfaces.Stallswere
madeatfourdifferentblowerspeedsineachofthefollowingconditions:
airplsneenginewitha manifoldpressureof2’5inchesof~rcury,at
2,200rpm,flapsup anddown,andairpbneengineidling,flapsup and
down. Allflightdatapresentedinthisreportwereobtainedafterthe
additionalchordwisestiffenerswereinstalled.Inmskingtheflight
tests,theblowerwassetat a predeterminedspeedata flightspeedof
approximately85to90 mphandno furtherchangesinblowercontrol
settingweremadeduringthesubsequentstallapproach.Theresultwas
approximatelyconstant-volumeflowthroughtherangeof airspeedobtained
duringeachtest. Thevariousspanwiseandchordwiseextentsof suction
testedareshowngraphicallyinfigure4. Theextentofporousareawas
vsriedby sealingportionsoftheporoussreawithcellulosetape.The
ratioofwingareasffectedby suctiontototalwingareaasdetermined
by thespanwiseextentofporousareaandtheratioofporousareato
totalwingareaarealsogiven.Inorderto determinetheeffectofwater
on theporousmaterial,oneflightwasmadewithleading-edgeconfigura-
tion(a)(fig.4)inrainofvaryingintensity.

Testsweremadeonthegroundatvarioustimesduringtheprogramto
determinetherelativeporosityandpowerrequirementsoftheporoussur-
faceasaffected%y time,flighttime,andwater.Thesetestsweremade .
by runuingthebloweratvarioussteadyrotationalspeeds.Rainwas
simulatedin someofthesegroundtestsby sprayingthewingwithwater
andtakingrecordsatfullthrottleandalsoby firstwettingthewing
andthenstsrtingtheblowerengineat fullthrottle.All~oundtests
weremadewithleading-edgeconfiguration(a)(full8 percent).

RESULTSANDDISCUSSION

PracticalProblems

Sincethisinvestigationwasa researchprojectto determinethe
practicabilityoftheporoussurface,theweightandvolumeofthecompo-
nentsotherthantheporoussurfacewerenotgivenmuchconsiderationso
longastheywerenotexcessive.As a result,theweightoftheairplane
withboundary-layercontrolwaslarge.An appreciablereductionin
weightswouldhavebeenpossiblehadanairplanebeendesignedespecially

_— . . ..————— ——— .—--- —



8 NACATN3062

fortheboundary-layer-controlinstallationandhadoneofthehigh-
power-to-weight-ratioblowersystemsnowavailablebeenused. Weights
oftheprimarycomponentsaregivenintableII.

Porosity.-Dataaffectingtheporosityoftheporousleadingedge
asdeterminedfroma numberof groundtestsareshownintableIII. The
resultsofthetestssreshowninfigure5 plottedasapparentvelocity
throughtheporousmaterialagainstthepressuredifferenceacrossthe
porousmaterial.Comparisonofthedataoftests1 and2 indicatesno
lossinporosityafterapproximately12hoursof flighttimeand89 days
ofbeingparkedin a ratherdustyhangar.Dustthereforeseemstohave
no adverseeffectsonthepractic&bilityofthistypeofporotisurface.
Theapparent@n inpawsitybetweentests1 and2 maybe takenasan
indicationoftheaccuracyofmeasurement,withthetrueporositycurve
lyhg somewherebetweenthetwofairedcurves.Thelossofporosity
shownby thedataoftest3 maybe attrilnrbedto theretentionofadhesive
fromthecellulosetape,whichwasusedto varytheextentofporoussrea,
afterthetapehadbeenremoved.Testsmadeafterthefirsttwoattempts
at cleaning(tests4 and5) apparentlysucceededonlyjn drivingtheadhes-
ive deeperintothesurfacewithsuccessivelossesinporosity.Iater
tests(tests6,7, and8)madesfteradditionalattemptsat clesningand
additionalflighttimeshowedslightincreasesinporosity,buttest9
madeneartheendoftheflig@ investigationshowedan appreciable
increaseinporosity.No cleaningwas“attempted%etweentests6 and9.
Theexplsnationappearstobe thatthesolventscontainedintheadhesive
particlesdriedoutandpetittedtheremovaloftheresidueby airandby,
airandwatermixtureswhichpassedthroughtheporousmaterialduring
flightandgroundtestsjustpreviousto test9.

Theshapeofthecurvesinfi~e 5 givessomeindicationof the
typeofflewthroughtheporousmaterial.Thestraight-linecurveshaving
theiroriginsat zerofortests1,2,3, and9 indicatethattheflow
throughthescreenforthesetestswasnmstlyviscous.Althoughstraight
linescouldreasonablybe fairedthroughthedatafortheothertests,
extrapolationofthelinesdidnotpassthroughzerovelocityat zero
pressure.Onesetofdataforwhichpointsinthelowvelocityandpres-
surerangewereavailable(test8) showsappreciablecurvatureinthis
range,snindicationofa transitionfrommostlyviscoustomostlyturbu-
lentflow.A seeminglyreasonableexplanationforthischangeisthat,
astheeffectiveTorousareawasreducedby partialblockingof someof
thepassagesintheporousmaterial,thecriticalReynoldsnmbed ofthe
flowthroughtheporousmaterialwasreachedsndtransitionto turbulent
flowoccurred.

Effectsofrdn.- Theeffectsofrain,realandsimuhted,onthe
porousmaterialareshownin figures6 and7. Figure6 showsa comparison ‘
of groundandflighttestswherethedataforthedrygroundtestare
takenfromtest8 (seefig.5). An explanationforthelargedifference u

—.
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inpressuredifferentialbetweenthedryandwetconditionsfortheground
andflighttestsmaybe thatthesimilatedrainforthegroundtestswas
muchheavierthantheactualrainencounteredin flight.Theinter-
ceptofthedashedlinesfortheflightdatawiththepressurescale
representsa reasonablevalueoftheaveragepressureontheexternal
surfaceoftheleadingedgeinflightas determinedby themethodexplained
intheappendix.Thepressuresforthegroundtestsrepresentthepres-
suredifferenceacrosstheleadingedgeonly,whereasthefllghtpressures
includethepressuredropabovethewing(estimated63 lb/sqft). Fig-
ure6 showstheincrementinpressureproducedby simulatedheavyrain
in groundteststobe approximatelyequalto thepressuredropabovethe
winginflight.Thus,forflightinheavyrainthepressurewhichthe
blowerwouldhaveto overcomewouldbe approximatelytwicethatfor
flightinthedrycondition.Thisincrementwasoftheorderof50per-
centforthelightrainencounteredin flight.

Figure7 showsa comparisonoftwogroundtestsinwhichtheblower
enginewasstsrtedatfullthrottle.Thenumbersalongthecurverepre-
senttimein secondsfromstarting.Nowaterwasaddedto theleading
edgeforthewetconditionafterstsrting.It appearsthat,underthese
conditions,theporousmaterialwouldhavecompletelycleareditselfof
waterwithin3 to 4 minutes.

mom theseresults,rainappearsto be a veryimportantfactorwith
regardtothepracticabilityofporous-leading-edgesuction.A suction
systemhavinga blowerwhichoperatedat designpressureratioindry
air,aswouldprobablybe thecaseforotherthanexperimentalsystems,
wouldbe greatlyhihderedinrain,sincetheblowerwouldnotbe capable
ofproducingtheadditionalpressuredropneeessaryto overcomethesur-
facetensionofthewaterintheporoussurface.Theblowerusedinthis
investigationwasbeingoperatedatpressureratiosoftheorderofone-
fourthitsratedpressureratio;thus,theadditionalpressuredropwas
wellwithinitscapabilityinasnmchastheblowerefficiencyapparently
increasedgreatlywithincreasingpressureratio.Duringtheground
simulatedraintests,an appreciableamountofwatercouldbe seencoming
outofthefuselageexitducts.Thisconditionwouldappearto obviate
thepracticabilityofusinganywater-absorbingmaterialsuchas feltfor
anypartoftheporoussurfacesincethewaterwouldprobablygreatly
increasethedensityoftheporoussurface.Apparently,additionalwork
shouldbe doneontheeffectofrainonporous-areasuction.

Powerrequirements.-Thepowerrequirementswerecalculatedasthe
productofvolumeflowrateanddifferenceintotalpressuremeasuredat
anytwostationsbetweenwhichtheincrementofpowerwssdesired.The
estimateddistributionofpowerfortheglidingcondition(aircraft
engineidling,flapsup)withleadhgzedgeconfiguration(a)atmaximum
blowerspeedazthestallisshowninfigure8.
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Sincenowing-surfaceorificeswereprovided,thedivisionofthe
theoreticalaerodynamicsuctionpower(calledusefulpowerhereinfor
simplicity)intopowerrequiredto overcomeporous-materialdragand
powerrequiredto reduceductpressureto averagesurfacepressurewas
calculated.Theestimationoftheleading-edgesurfacepressurefrom
whichthepressuredropequivalenttothesetwopowerrequirementswas
determinedisgivenintheappendix.Themaximumtheoreticalaerodynamic
power,ifductlossesareexcluded,veriedwiththeconfi~ationstested
from3.65to 9.7ohorsepower.Thepressuredropproportionaltotheduct
powerlossshowninfigure8 waspartiallymeasuredandpartiallycalcu-
lated.Ductlosswasmeasuredbetweentheoutboard-ductstaticorifice
andthevelocity-meas~ingstationinthewingroot.Ductlossesfrom
thisstationtotheblowerendfromtheblowertothefuselageexitswere
calculatedwiththeaidof reference4. Thecalculatedductlossamounted
to aboutkopercentofthetotalductloss.

Thepowerto driveaccessorieswasestimatedtobe 1 horsepowerand
thegesrboxefficiency-sassumedas98percent,whichisveryreasonable
forthespiralbevelgearsused.Theenginepowerwastakenfroma power
curvewhichwassuppliedbytheenginemanufacturerwiththeengineand
whichwascheckedandfoundtobe reliable.Theblowerlosswastakenas
thedifferencebetweentheenginepoweroutput(ata particularrotational
speed)andthetotalofotherpowerrequirementsgivenpreviously.The
msximumobtainableenginerotationalspeedwasappreciablylimitedby
mpropermatchingof enginetorqueoutputandtorqueinputrequiredby
theblower,sothatatno timewasfull-ratedpoweroutputoftheengine
obtained.

TableIV showsthevariationwithblowerspeedandleading-edge
configurationoftheratioofusefulpowerto engineout~utpower,the
ratioofporous-materialpowertousefulpower,theapproximateratioof
ductpowerlossto engineoutput,andtheapproximateblowerefficiency.
Valuesofengineoutputpowerandflowcoefficientforeachcae arealso
given.

AerodynamicData

Effectof suctiononmaximumlift.-A sunmmryofthemainaerodynamic
dataobtainedduringthisinvestigationis showninfigure9 asthevaria-
tionof liftcoefficientwithflowcoefficientforvariousextentsofthe
porousleadingedgeandvsriousairplaneconfigurations.Thefirstpoint
tobe notedisthatthereisan initialdroph liftcoefficientfromthe
completelysealedconfi~ationto thezero-suctioncase(ductdampers
closed)withallleading-edgeconfigurationsexceptconfi~ation(e)
(centersectiononly)andconfi~ation(f)(last1 percent)in fig-
ures9(d)and9(e),respectively.Theapparentreasonforthisbehavior
isthata circulatoryflowissetup throughtheporoussurfaceasa

.
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resultofthelsrgepressure~adientabovetheporousarea.‘Thiscircu-
latoryflowevidentlyhastheeffectofpronmtingseparationata lower
angleof attackthanthatatwhichitwouldoccurifthisflowdidnot
exist.Figure10showsthetheoreticalpressuredistributionoverthe
uppersurfaceoftheleadingedgeoftheNACA2412airfoilata lift
coefficientof 1.6. Thedifferenceinpressuresoverthefirst1 percent
maybe seentobemuchlessthanthedifferenceinpressuresoverthe
full8 percentsothattherewouldbe lessopportunityforlocaloutflow
to occuroverthefirst1 percent.As thechordwiseextentofporous
areawasvariedfrom8 percent(configuration(a))infigure9(a),to
2 percent(configuration(b))in figure9(b),andfinallyto 1 percent
(configuration(c))infigure9(c),theinitialdropin liftcoefficient
becsmeprogressivelyless.Figure10showsthatthemaximumdifference
inpressurecoefficientsoverthechordwiseextentsofporousareavaried
inthesamemanner,thedifferencesbeingoftheorderof 4.25for8 per-
cent,1.95for2 Tercent,and0.80for1 percent.

A porousmaterialhavinglessover-allporositywouldreducethe
localcirculationandhencetheinitialdropin liftcoefficientwiththe
bloweroff,butwiththebloweroperating,lsrgerpowerrequirementswould
be needed.

Afternotingtheinitialdropsin liftcoefficientobtainedon
previousconfigurations,configuration(f)(last1 percent)wastriedin
an effortto reducetheinitialdropwhilemaintainingsomeoftheaddi-
tionalliftdueto suction.Figure10showsthatthemaximumchangein
pressurecoefficientforthisconfigurationwouldbe oftheorderof
0.18as comparedwith0.80forconfiguration(c)(first1 percent).Fig-
ure9(e)showsthattheinitialdropin liftcoefficientwaslessfor
confi~ation(f),aswasexpected,butthatno subsequentgainin lift
coefficientwithsuctionwasobtained.

Anotherpointworthnotingisthata
coefficientoccurredwithairplaneengine
enginepoweroffand,generally,a higher
requiredtoregainthisinitialliftloss

largerinitialdropin Mft
poweronthanwithairplane
valueof flowcoefficientwas
withairplaneenginepoweron.

A comparisono,fthevariousdatapresentedinfi~e 9 indicates
thatnoneoftheleading-edgeconfigurationstestedwasclesrlysuperior
withregardto increasingthemaximumliftcoefficient.Althoughthe
incrementin liftcoefficientfora givenincrementinflowcoefficient
wasgreaterforsomeconfigurations,theinitialdropin liftcoefficient
wasgenerallylargerforthosesameconfigurationssothatthemaximum
liftcoefficientwiththemaximumsuctionavailableremainedmuchthe
sameformostoftheconfigurationstested.Hadthesesameextentsof
porousareabeentestedon a sharp-nosedairfoilwhereleading-edgesepa-
rationismorelikelyto occurthanwiththerelativelybluntleadingedge
oftheNACA2412airfoil(seefig.l(d)),theresultswouldundoubtedly
havebeenmuchmorefavorable.

——. — —..
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Itwillbe notedthattherearethree
“fun 8 percent.” Thedataof figure9(a)
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partsoffigure9 labeled
wereobtained~ustafterthe

installa~ionoftheadditionalleiding-edgestiffener-andthoseof fig-
ure9(g)wereobtainedduringa flightinrainmade184daystotaltime,
18hours9 minutesflighttime,afterthatforfigure9(aJ. Thedata
of figure9(h)wereobtained2 daysaftertherainflightforcomparison
withtherainflight.Becausetheintensityoftherainvariedfroma
drizzleto ratherheavyrslnduringtherainflight,notverymuchcan
be gainedfromsucha comparison.Onepointwhichappesrsworthyof
co~arison,however,isin connectionwiththeinitialdrop h lift coef-
ficient.Thisinitialdropis lessfortheraindata(fig.9(g))than
forthedry-airdata(fig.9(h)or9(a)).Thisdifferenceistobe
expectedinasmuchastheraintendsto increasetheover-alldensityof
theporousmaterialandthusreducesthelocalcirculationthroughit.

l?iguxes9(a)and9(h)providea bettercomparisonsincethecondi-
tionsweremoresimilar.A totaltimeof 186days,a flighttimeof
19hoursk6minutes,occurredbetweentheflightsfromwhichthesedata
wereobtained.Theonlymajordifferencebetweenthesedataisthe
greaterinitialdropinliftcoefficientforthedataof figure9(h).
Thisdifferenceisprobablya consequenceofthehigherporositywhich
existedforthelasttestsmade[seetests8 and9, fig.5).

Earlytuftpicturesshowedthatthestalloriginatedatthetrailing
edgeofthecentersectionwithpoweroffandjustinbosrdoftheailerons
withpoweron. Configuration(e)(centersectiononly)andconfigura-
tion(g)(outboardsealed)weretested~ ~ attemPtto ~luence the
originofthestallbut,asis discussedsubsequently,thetestswere
unsuccessful.h obtainingdatawithconfi~ation(d)(fi$=9(d))~a
severevibrationoftheleadingedgeontheotierpanelsoccurredwhich,
forthemaximumblowercondition,couldbe seenwiththesldofa mirror
andcouldbe heardoverthenoiseoftheairplaneengineandtheboundary-
layer-controlenginesndblower.Theresultingpressurerecordsweresuch
thatnovaluesofflowcoefficientcouldbe obtainedforthemaxim.m-blower
conditionand,therefore,estimatedvaluesofflowcoefficientswereused
forthiscondition.Thevibrationoftheleadingedgewassoviolent
thatthepilotandengineer-observerdeemedit advisabletoterminatethe
maximum-blowertestsbeforecompletion.Thepressurerecordsindicate
thatthevibrationcontinueddownthroughtheblowerspeedrangebut
withmuchreducedviolencesothatitcouldno longerbe seenorheard
andthepressurerecordsbecamsreadable.Apparently,thesealedouter
ductsactedas closedorganpipesandreinforcedthepressurepulses
originatingattheblower.Thevibrationoftheleadingedgemayhave
beenat leastpa$tlyresponsibleforthelossof liftwithincreased
suctionshowninfigure9(d).

Thedataforconfiguration(g)(outboardsealed)showninfigure9(f)
areverysimilarto datafortheoriginalfu~-8-percentconfiguration “
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of figure9(a)exceptthat
slightlylessandthelift
slightlygreater.

J-3

theinitialdropin liftcoefficientis
coefficientsatmsximumblowerspeedare

Comparisonof flight andwind-tunnelresults.-A comparisonof some
resultsfromtheflight-testinvestigationwiththosefromunpublished
two-dimensionalwtid-~el dataobtainedbeforebeginningtheflight
investigationis showninfigureIL. Thewind-tunnelmodelwasa 36-inch-
chordmodelof theNACA24I2airfoilsectionwitha porousnoseconsisting
of filtercloth,similartothatusedontheairplane,backedwithsin-
teredbronzeforstiffness.W@d-tunneldatawereobtainedat a speedof
78.5mph. Fortheparticularresultsshown,thenoseofthew@d-tunnel
modelwassealedfromtheleadingedgetothe0.4-percent-chordstation
andwasopenforthenefi7.3~ercent.Thiswind-tunnelconfiguration
wastheonenesrestthe8-percent-openconfigurationusedontheair-
plane.Theflightdatausedwereobtainedwithairplaneenginepoweroff
andfhps Up. A comparisonof leading-edgeporositiesapplicableto the
flightandwind-tunnelresultsisshowninfi~ n(a). Thecme for
thewind-tunnelresultsrepresentsonlya smallportionofthevelocity
anddifferentialpressurerangetested.Thetwoeetsofdataarecon-
sideredtobe in goodenoughagreementfora reasonablecomparisonof
aerodynamicresults.Figuren(b) showsthevariationofmaximumlift
coefficientwithflowcoefficienttobe ofthesameorderofmagnitude
forthetwosetsofdata.Theinterceptofthewind-tunnelcurvewith
zerosuctionwasnotavailablebutthetrendindicatedbythedashedline
wasestimatedfromotherresultsfromthesameinvestigation.Thetind-
tunneldatashowa netgainin liftcoefficient(fromthesealedcase)
of only0.25attheoptimumvalueof CQ = 0.002. An interestingobserva-
tionisthatalmostthesameincrementin liftcoefficientwasobtained
in flightwiththemaximumavailableflowcoefficient,althoughthetrend
indicatesthata largerincrementin liftcoefficientwouldhavebeen
obtainedhadhigherflowcoefficientsbeenavailable.

Tuftpictures.-Figure1.2showsa typicalfrsmefromtuftphoto-
graphs.Thisframewastakenduringtheflightwiththeleading-edge
configuration(b)(first2 percent)in a semistalledcondition,with
poweroff,andwithflapsdownatthemaximum-suctioncondition.As
mentionedpreviously,thetuftpicturesweretakenby a csmeramounted
aboveandbehindthewing,facingrearwardandupward,andshootinginto
a sphericalmirror.Althoughtheuseofthesphericalmirrorresultedin
appreciabledistortion,itwasusedbecauseitpermittedanimageofthe
entirewingtobe obtainedwitha singlecamera.Thechordwisestrips
onthewingwere27.25inchesapart(approximately12.5percentofthe
semispan).

Stallpatternsweresimilarfora givenpowerconfigurationregard-
lessof leading-edgeconfiguration,amountofsuction,orflapposition.
In general,thestalloriginatedattherightsideofthecenter-section

.___— .—.—— ——- — --—-—, —-—— .——————----—- ———-——————
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trailingedgewithpoweroffandatthet%ailingedgejustinboardofthe
aileronswithpoweron. Thestalledsreasspreadforwardandspanwisein
a triangularfashion.Suchdifferencesin stallpatternaswereobserved
couldnotbe definitelycorrelatedwithflapposition,leading-edgeconfig-
uration,or smountof suction.

CONC17JDINGREMARKS

Resultsofthisinvestigationhaveindicatedthat a practicalwing
havingporous-leading-edgesuctioncanbe constmctedwhichhassufficient
strengbhanddurabilityforuseinflightwithoutaddingexcessiveweight.
Forthetypeofporousmaterialusedinthisinvestigation,cloggingdue
to atnmsphericdustdidnotappeartobe a problem.Forthelightrain
encounteredinflight,thepowerrequiredto producea givenflowcoef-
ficientwasabout50percentmorethanthatrequiredforthedrycondition.
Bssedonthegrounddata,itwasestimatedthatforflightinheavyrain
thepowerwouldbe approximatelytwicethatforthedrycondition.At
msximumblowerspeed,however,theporousareabecameclearedwithin3 to
4 minutesafterwaterceasedto impingeonthesurface.Undercertain
conditions,testsshoweda severevibrationof theporousmaterialinduced
by w “organpipe”resonanceoftheanticolumnwithintheducts.As
expectedfrompreviouswind-tunnelresults,theuseof leading-edgesuction
withthesmallamuntofpoweravailableandwiththewell-roundedairfoil
sectionused(NACA24I2)hadMttleeffectonthemaximumliftcoefficient
developed.Ingeneral,an appreciabledropin mximumliftcoefficient
occurredfromtheleading-edge-sealedconfigurationto theconditionof
zerosuctionwiththeporous-sreaconfigurationstested.Incrementsin
liftcoefficientdueto thesuctionavailablegenerallybroughtthemsxi-
mumliftcoefficientbackapproximatelyto thevalueforthewingwiththe
leadingedgesealed.Themaximumtheoreticalaerodynamicpower,ifduct
lossesareexcluded,variedwiththeconfigurationstestedfrom3.65to
9.70 horsepower.

LangleyAeronauticallaboratory,
NationalAdvisoryCommitteeforAeronautics,

IangleyField,Vs.,October26,1953.

“
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APPENDIX

ESTIMM’IONOF LEADING-= SURFACEPRESSURE

Sincenowingsurfaceorificeswereprovided,thedivisionofthe
theoreticalaerodynamicsuctionpowerrequired(calledusefulpower
hereinforsimplicity)intopowerrequiredto overcomeporous-material
dragandpowerrequiredto reduceductpressureto averagesurfacepres- .
surewascalculatedinthefollowingmanner:Thepressureintheduct PI
forbloweridlingandwithexit-ductshuttervalvesclosedisassumedtobe
equaltotheaveragepressureovertheporousarea p atthesamevalue
of liftcoefficientwiththebloweratmaximumspeed.Inorderto
determinetheaveragepressureovertheporousareaat somehighervalue
of liftcoefficientwithbloweroperating,thispressureisexpressedin
termsofpressurecoefficientS by meansoftheequationS = (% -P)/qc
where ~ and qc arefree-streamtotalandcalibratedimpactpressures,
respectively.Thepressurecoefficientis correctedtothepropervalue
of liftcoefficientby themethoddescribedbelowandthenewsurface
pressuremaythenbe calculated’.

Theprocessof correctingforliftcoefficientconsistedof calcu-
latingtheoreticalpressurecoefficientsforthewinguppersurfaceat
variousvaluesof liftcoefficientobtainedfromdatainreference5,
integratinganddeterminingtheaveragepressurecoefficientoverthe
first8 percent,andplottingtheseaveragepressurecoefficientsagainst
liftcoefficient.Thepressurecoefficientdeterminedfromflightdata
withoutsuctionis locatedonthisplotat itscorrespondingliftcoef-
ficientanda curveparalleltothecalculatedtheoreticalcurveispassed
throughthetestpoint.Thepressurecoefficientattheliftcoefficient
formaximumblowerspeedcanthenbe pickedfromthisnewcurve.Withthe
surfacepressurep thusdetermined,thepressuredifferenceacrossthe
porousmaterialis

AP=P- P1

andtheiniti”alpressuretobe overcomeby thebloweris

~-p=sqc

Theseequationsarebasedontheassumptionthatthedynamicpressure
doesnotassisttheflowtopassthroughtheporousmaterial.

——— .—..-—— — ~—— -—- ———
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Elevatorarea(lesstab),sq ft
Elevatortabsrea,sqft . . .
Airfoilsection. . . . . . . .

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

Taillength(centerof gravityto
Elevatordeflection,deg:
up . . . . . . . . . . . . . .
Down . . . . . . . . . . . . .

Elevatortabdeflection,deg:
up . . . . . . . . . . . . . .
Down . . . . . . . . . . . . .

Incidence,deg . . . . . . . . .

Verticaltail:
Aspectratio . . . . . . . . . .
Totalarea,sqft . . . . . . . .
Finarea,sqft . . . . . . . . .
Ruddersrea,sqft . . . . . . .
Airfoilsection. . . . . . . . .
Rudderdeflection,deg . . . . .
Taillength(centerof gravityto
Finoffset,deg...... . . .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
●

✎

✎

✎

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

elevatorhinge,

. . . . . . . .

. . . . . . . .

..*,. . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

.,

. . ●

✎ ✎

✎ ✎

✌

✎ ✎

✎ ✎

✎ ✎

✎ ✎

✎ ✎

✎ ✎

✎ ✎

✎ ✎✎

✎ ✎

.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
approx.),

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

. 3,830

. .

. . 7%

. 27.10

. 218.u

. 36.17

. .

. . 6:;:
,. 0.62
. . 6.30
. . 1.0
. . 1.5
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COMPOMEMTWEIGHTS

[Allweightsinpoundd

Poroussurfaces:
Total. . . . . . . . . . . . .
Centersection. . . . . . . .
Eachwing. . . . . . . . . . .

Completewingwithboundary-layer
(includingporoussurfaces):
Withoutfuel . . . . . . . . .
%ith 61gallonsfuel . . . . .

Completewing,originalairplsne:
WithoutMel . . . . . . . . .
With76gallonsfuel . . . . .

. . . . .

. ...*

. . . .

control

. . . . .

. . . . .

. . . . .

. . . . .

.

.

.

.

.

.

.

Boundary-layer-contnlequipmentinfuselage
Engine . . . . . . . . . . . . . . . . . .
Blower . . . . . . . . . . . . . . . . . .
Gearbox . . . . . . . . . . . . . . . . .
Mount. . . . . . . . . . . . . . . . . . .
Ducking. . . . . . . . . . . . . . . . . .
Accessories(coolingandlubrication,etc.)

Instrumentation. . . . . . . . . . . . . . .
Instruments. . . . . . . . . . . . . . . .
Batteriesandinverter. . . . . . . . . .
Wingbooms(includingpickupheads). . . .
Csmera,mirror,andmountingstructure. .
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.
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. 15.0

403.25
769.25
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295.5
751.5

458.8
153.0
78.8
42.3
47.3
30.0

107.4

%Cheductingnecessitateduseof smallerwingfueltanks.

.
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TABLEIII

POROSITYTESrs

.

.

@l por..itytestswererunonthegroundwiththeleading-edgeconfigurationlisted
infigurekascotiiguration(a)(til8percentopen)~

Flighttimesince~otdthe Stice
Test previoustest previoustest, Remarks

HoursMinutes days

1 0 0 Madeatbeginningofprogram

2 11 53 89 AI1flights,fuu8percentopen

3 13 41 11.3 Divisionofflighttimeasfollows:
7’hr43rein,u 8percentopen
1hr02ti, completelysealed
2hr51rein,first1percentopec
2hr05rein,first2percentopen

4 0 0 Removedalltapeandcleanedby
rubbingsurfacewithlhcquer
thinneroncloth

5 0 0 Sprayedsurfacewithprep-sol

6 0 1 Sprayedsurfacewithbenzene

7 0 28 Additionalstiffenersinstalled;
sprayedcarbontetrachloride
throughbothsidesofporous
materialwhileremwedfrom
wing

8 17 43 32 Divi_sionofflighttimeasfollows:
k b olmin,tiIJ.8percentopen
2 hr41rein,first2percentopen
3 kc39rein,firstlpercentopen
Ohr51*, leadingedgesealed
1hr42rein,centersectiononlyopen
2h 21rein,last1percentopen
2hr33rein,outboardsealed

Limitedattemptsatclean~.made
betweenflights

9 7 00 169 Approx.l&r inrainofvarying
intensity;fu~8percentopen

50 17 431

—— .——- —



Leading-edge
cotiiguratIon

Full 8 percent
open

First 1 percent
open

First 2 percent
open

Laet 1 percent
open

Outboerdsealed
FUll 8 percent
In rain

)~1 8 percent
open

Blower

L

[

blaxiuruJn
2/3
1/3

Minimum

M.xilmlm

Keximm

MEMmlLl

Mawnurn

0.275
,217’
.168
.054
.436

,447

,472

.272

.323

.259

TABm Iv

FW%ER R3mRJlMEN16

0.332 0.0517
.282 ,0304
.185 .0038
.M!4 o
.430 ,0302

.39 I .0477

,4$Z? I .OI.25

.366 I .0299

.228 ,0326

.310 .0463

Blnwer
)fficiency
percent

.@F!PE4

33.5
27.0
i8.9
6.0

50,7

53.9

53.0

32.8
38.9

33.3

Engine
output,
llp

15,8
12.5
9,1
9.0

17.7

16.8

X),7

14,9
14,7

14.1

Flow
coefficient
at btall

o.oo131
.00098
,00056
,00020
,00110

.0CQ76

.00114

.00110

.oo1.13

aBlowerveriationfB de6cribedaccordingto an approximatevariationof rotationalspeed.

%hee titswere obtainedat end of fll~t promem after flightin rain and are presentedfor
comparisonwith otherdataobtainedearlyin-fll-@t-programfor .&e conflgmation. -

!2
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(a) one-quarter front view. 11-70267

Figure 1.- Ce6ma 190airplaneusedforflight teats.
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(c)Three-viewdrawing.

Figure1.-Continued.
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(d) Cmparison of actual wing profile with NAC!A241.2profile,

Figure 1.- Concluded.
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3Xhaust
duct
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\ / ~ edge
ducts

Main duct
Exhaustduct= Centerduct

Blowerexit~ <*

Blower
Engineexhaust

Gearbox
Engin#

loEnginecoolantradiator

(a)Sketchof equipmentinstallation.

Figure2.-Equipmentinstallation.
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(b) Leading-ei@-duct s+ructure.

Figure 2.- Conttiued.
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1

d!!
L-7’7565.l

(d)Center-ductinstallationin cabinroof.

Figure2.-Continued.
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(f) Duct junctionandblower.
L-70872.1

Figure 2.- Continued.
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L-7027001

Mgine-blower installation.

Figure2.- Concluded.
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(a) Normal.
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(b)Collapsed.
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1. Porous material drag 1.34hp
2. power to reduce duct pz?essure 2. 0 hp

$
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Figure 8.-Estlruateddistributionof input power for the gkhiing condition
with rmdnnm blower at the stall. Leading-edge configuration (a).
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